INTRODUCTION
Problems with motor coordination are a common feature of neurologic disorders, consistent with the observation that a substantial proportion Developmental disorders affecting coordination have received modest attention in the cognitive neuroscience literature. This situation likely reflects many factors, such as difficulty in defining appropriate populations, unique laboratory demands involved in testing children, and that coordination problems, at least for some children, become less pronounced with maturation. For example, many children who exhibit delayed development in reading eventually catch up with their peers as young adults, or at least acquire a sufficient skill level so that the problem does not interfere with their education or careers (Demb et al., 1998) .
The idea that certain developmental disorders can be linked to specific neurologic abnormalities has only recently taken firm hold in the neuroscience community. This paradigm shift is driven not only by new methodologies for analyzing brain function, but also by the application of sophisticated behavioral tests for assaying cognitive and motor abilities. Rather than focusing on standardized tests that provide useful descriptions of performance, the methods of cognitive psychology are designed to isolate the set of specific mental operations that are invoked in the performance of complex skills. Whether this new approach will prove fruitful in the study of clumsiness remains to be seen.
The term 'clumsiness' describes a rather broad set of behaviors. Establishing a defining set of criteria has been difficult and the subject of much debate (Henderson & Henderson, 2003) . The general consensus is that this label refers to a heterogeneous constellation of coordination problems. Such heterogeneity can be viewed in at least two different ways. One interpretation is that the diversity arises from diffuse neurologic abnormalities. Altematively, heterogeneity might reflect the use of a term in a generic way, even though subtypes exist that result from more focal neural dysfunction.
This paper focuses on the relation of cerebellar function to clumsiness. The cerebellum is a prime structure to consider when discussing the role of specific neural systems in coordination problems. The most prominent symptom observed in patients with acquired cerebellar disorders is a loss of coordination. Similar to the behavior of clumsy children, such patients generally have a good sense of the appropriate action for a given context; their problems arise when trying to execute: the movements in a coordinated manner. The term 'cerebellar ataxia' is used to describe the breakdown in patterns of muscular activation that cause the limb to follow a wobbly trajectory or fail to end at a target location.
Another reason to consider the relation between the cerebellum and clumsiness comes from the recent association of this structure to a number of disparate developmental disorders. This association has led to new perspectives on cerebellar function--perspectives that emphasize non-motor capabilities (see Schmahmann & Harris, 1997 (Courchesne et al., 1994) . Second, the structural differences are not restricted to the cerebellum. Several MRI studies have shown reduced volume in the parietal lobe, limbic regions, and white matter tracts such as the corpus callosum (reviewed in Courchesne, 1997) . Although the latter results suggest diffuse developmental abnormalities, apparently a reduced cerebellar volume is the most consistent structural marker of autism, at least in terms of macroscopic measurements of the central nervous system. Cerebellar hypoplasia has been associated with two other psychiatric conditions, ADHD (Berquin et al., 1998; Mostofsky et al., 1998) and schizophrenia (Nopoulos et al., 1999 (Altman & Bayer, 1985) , and that pathology-inducing events (genetic or environmental) have time sensitive windows of opportunity. (Fawcett et al., 1996) . Moreover, on various motor and non-motor tests specifically designed to evaluate cerebellar function, dyslexic children perform in a manner similar to that of patients with cerebellar insults (Fawcett & Nicolson, 1999; Nicolson et al., 2001 (Courchesne & Allen, 1997) , schizophrenia (Wiser et al., 1998) , and dyslexia (Nicolson et al., 2001 ). These hypotheses build on more traditional notions concerning how the cerebellum might contribute to motor control. Andreassen et al. (1996) (Keele et al., 1985) . In contrast, a much lower correlation was found between temporal control and response speed, as well as between temporal control and force control (Keele et al., 1987) Ivry & Hazeltine, 1995) The results of these studies led us to postulate that the cerebellum plays a critical role in the precise representation of temporal information. As reviewed elsewhere (Ivry, 1997) (Williams et al. 1992) , fifty children were recruited, based on referrals from their teachers concerning possible motor coordination problems. The children were given a short form of the Bruininks-Oseretsky Motor Proficiency Scale (Bruininks, 1978) and a clinical battery developed by one of the authors to assess perceptual-motor development problems (Williams, 1973) . The children were categorized as clumsy if they were between the 40 t and 50 t percentile on the Bruininks-Oseretsky test and scored between 0.5 and 1.5 SD below normal on at least 6 of the 9 items in the clinical battery. The control group consisted of individuals who were at or above the 50 t percentile on the Bruininks-Oseretsky test and scored above 0.4 SD below the mean on at least 6 of the 9 items in the clinical battery. Thus, the definition of the groups was conservative. Severely uncoordinated children were excluded, and the children in the control group showed some motor problems based on teacher observation, yet failed to meet the clinical criterion for clumsiness. Based on these selection criteria, 12 children were assigned to the clumsy group and 13 to the control group.
Both groups were relatively proficient in maintaining the target interval during the unpaced phase of the tapping task, showing a slight hastening over the 30 taps. The clumsy children, however, exhibited greater overall variability, and when the data were analyzed with the Wing-Kristofferson model (Fig. 2a) , only the estimate of clock variability was significant (p < 0.05 vs. p 0.61 for the motor implementation estimate). The perception tasks also suggested a selective timing deficit (Fig. 2b) . The mean difference threshold on the duration discrimination task was 54% higher for the group of clumsy children when compared with that of the control group (p < 0.05). The two groups performed comparably on the loudness discrimination task (p 0.66).
The results of Williams et al. (1992) show that children classified as clumsy on standard clinical assessment instruments are impaired on tasks that require precise timing. We hypothesize that their deficits on the two timing tasks reflect cerebellar dysfunction, given the similarity of their performance profiles to that exhibited by adult patients with acquired cerebellar lesions. We cannot, of course, claim on the basis of these results that cerebellar dysfunction is directly causal for the clumsiness of these children. Indeed, as with single dissociations in neuropsychology, the results are of limited value in evaluating the specificity of the neural correlates of clumsiness. The normal performance of the clumsy children on the loudness task demonstrates that this group does not perform poorly on all tasks: on the task employed, their impairments are restricted to those Adapted from Williams et al. (1992) .
that evaluate the operation of an internal timing system. But it may well be that these children would also be impaired on tasks that assess other components of coordination, not just timing. There may be a general deficit in the function of the entire motor system, with the (cerebellar) timing problems just one particular manifestation of this generic impairment As noted by many researchers, the term 'clumsiness' is applied to a heterogeneous population. This practice raises the possibility that cerebellar dysfunction might be present in one subgroup of clumsy children and absent in other subgroups. Such a result would suggest that developmental movement disorders might mirror those in patients with acquired neurologic lesions. Similar to how these acquired lesions produce system-specific impairments, subtypes of clumsiness might reflect the dysfunctional operation of limited sets of neural systems. Alternatively, the cluster of symptoms that define clumsiness might arise only when there is widespread depression of neural function or may not pinpoint specific neural abnormalities with such heterogeneity.
Laurie Lundy-Ekman addressed this specificity question in her dissertation studies (Lundy-Ekman et al., 1991) . The design of her study was similar to that of Williams et al. (1992) . The selection procedure, however, was modified to include a neurologic exam that was created to assess the presence of soft neurologic signs of basal ganglia or cerebellar dysfunction (Touwen, 1979 (Hallett & Khoshbin, 1980; Ivry & Corcos, 1993; Wing, 1988) .
For this task, isometric movements were made with the index finger on a strain gauge. Target force levels were indicated by the vertical position of a line appearing on the computer monitor (for example, for a large target force, the line was positioned near the top of the screen). The same target was used for 12 consecutive responses. Feedback was provided for the first six responses. No feedback was given for the last six. As with the tapping task, the focus was on the consistency (standard deviation) with which the participants produced a series of responses without feedback.
The results revealed a striking dissociation between the performances of children with soft cerebellar or soft basal ganglia signs. In terms of total variability on the tapping task, children with soft cerebellar signs were significantly more variable than both the controls and children with soft basal ganglia signs (Fig. 3a) . When the data were analyzed with the Wing-Krisotofferson model, the only reliable difference was between the controls and the soft cerebellar group in estimates of clock variability (p<0.05). A similar dissociation was also observed in the perception tasks (Fig. 3b) . The difference in the threshold on the duration discrimination task was much larger for the children with soft cerebellar signs than for the other two groups (p < 0.05). No differences were observed on the control loudness discrimination task. A very different picture emerged on the force control task. Here, the children with basal ganglia soft signs were more variable than were the other two groups (Fig. 3c) . Note that the children with soft cerebellar signs tended to produce smaller forces than did the other two groups. As interesting as the patterns of impairment are, noteworthy is that the clumsy children did not perform more poorly than the controls on all motor tasks. The basal ganglia group was unimpaired on the tapping task, and the performance of the cerebellar group, at least on measures of variability, was similar to that of the control group on the force control task. The results argue against the hypothesis that clumsiness reflects a generalized dysfunction across the motor system. For at least some children, the syndrome may reflect dysfunction in a particular neural system. Of course for others, the problems can be more widespreaa, as indicated by the significant percentage of children exhibiting both soft cerebellar and soft basal ganglia signs. We would predict that these children would have performed poorly on both the timing and force control tasks.
CONCLUSIONS
The studies reviewed in this paper provide an example of the bidirectional nature of cognitive neuroscience research. At the behavioral level, a primary endeavor within the field is to specify the computations that allow for different aspects of mental competence. Tasks used in clinical assessments prove to have good utility for discriminating between normal and abnormal populations, but the complexity of many of these tasks, limits their utility for evaluating specific functional hypotheses. (Courchesne, 1997) . Although a link between cerebellar dysfunction and autism might still exist, a simple mapping between neural pathology and behavioral syndrome seems very unlikely.
